Freshwater availability is the major constraint to agriculture in arid and semi-arid regions. The groundwater and energy conservation of applying reclaimed water for irrigation was analysed, using Southern California as the spatial domain for model testing. An extensive compilation of the most recent publicly available datasets was used to calculate the energy intensity for each water supply source, the associated carbon footprint reduction and the monetary savings associated with using reclaimed water over groundwater. Our results indicate that for 1998-2010 in California the fractional water use for agriculture is 0.81 and for urban use is 0.19. During this same period, an average of 4.2 × 10 10 m 3 of water were used for crop irrigation, of which 1%, 46.8% and 52.2% came from reclaimed water, groundwater, and surface water, respectively. Each of these three main water sources is associated with a range of energy intensity (in kWh m À3 ), depending on the process and environmental characteristics of the end-use location. Our analysis of multiple process and environmental configurations produced a detailed energy intensity database, with the associated carbon footprint. These databases are used to quantify the energy and carbon footprint difference between applying the current groundwater source and reclaimed water for irrigation.
shown that California's water supply is severely under stress. This is the case where the water to meet demand from urban areas, industry, ecosystems, agriculture and other sectors is nearing its limit under current management practices (Sabo et al. ) . In the coming decades, the agricultural throughput is projected to match the population expansion both within California and in North America (Rosegrant et al. ) . For these reasons, the cost of providing water continues to rise as municipalities seek to create and expand capital-intensive infrastructure to secure a reliable water supply (Miller ) . In many parts of California, the growing demand for water is outstripping the available supply, thus it is imperative to take proactive steps in conserving and augmenting the limited water supply resources (Chen & Chen ) . Increasing attention has been directed in recent years to the use of reclaimed urban wastewater (Pereira et al. ) . In fact, with advances in technology, reclaimed water is expected to meet the stringent potable quality requirements at a competitive cost, The goal of this research is to analyse the energy advantage of applying reclaimed water for crop irrigation, and to quantify the associated carbon footprint reduction of using reclaimed water versus traditional groundwater pumping in arid and semi-arid areas. Using California as a case study, the water, energy, and carbon-equivalent flows were quanti- ) for each of the power generation sources j ¼ {1,.., p} in the area of study. Using the conceptual model illustrated in Figure 1 , for each point in space (x,y) the water supply portfolio Q is:
For each source s, the energy footprint of the source E(s) (kWh y À1 ) is calculated as:
Figure 1 | Illustration of the rational procedure to calculate energy and carbon footprint for the i ¼ {1,..,s}water supply sources in each point (x,y), using their associated energy footprint e(i), and the carbon-equivalent emission of the power generation k( j) for each j ¼ {1,..,p} power source used to supply the point (x,y).
Thus, the overall energy footprint EFP (kWh y À1 ) for each point is:
The area studied may be supplied by power utilities from a diverse power generation portfolio relying on p sources (such as hydroelectric, nuclear, thermoelectric, eolic, photovoltaic, etc.) associated with different carbon emission intensities k( j) (kg CO2eq kWh À1 ). For each point (x,y) where the water source i is supplied, the carbon-equivalent emission has to be calculated from the weighted-average carbon emission intensity <k> (kg CO2eq kWh À1 ):
where W( j) (kWh) is the energy produced for each of the j ¼ {1,..,p} power sources employed to supply power to the point (x,y).
Hence, the carbon emission intensity of each water source c(i) (kg CO2eq m À3 ) is:
Therefore, the carbon footprint for each water source C (i) (kg CO2eq y À1 ) can be calculated as:
The overall carbon footprint CFP (kg CO2eq y À1 ) is then:
Spatial domain
Southern California was selected to test this model. This 10 5 km 2 area includes six counties (Ventura, Los Angeles, San Bernardino, Orange, Riverside and San Diego), collectively amounting to more than 54% of California's population at the time of this study (CDOF , ).
Water reclamation processes
For this study, the authors assumed that a typical Southern California water use cycle follows the process diagram identified in Figure 2 . The use of reverse osmosis (RO) as the technology to reclaim wastewater for aquifer recharge is currently practised in many areas of this region. The following equation (USBR ) was used to determine the size of the RO treatment system:
where
; TDS D , total dissolved solids demand (i.e., target; mg l À1 ); TDS S , total dissolved solids source (mg l À1 ); R, membrane salt rejection (%); L, volumetric loss (%).
The membrane salt rejection is the fraction of ions rejected by the membrane, which typically exceeds 90%
for the brackish water RO membranes employed in water reuse (MWH ). For this study, the authors followed the assumptions from USBR () for volumetric loss of 20%,
Based on the information presented in Figures 1-3 , the authors calculated the energy intensities for water supply sources across Southern California using the energy intensity e(i) for each of the water supply sources i ¼ {1,..,s}.
Water conveyance and lift
Using the method previously reported by Sobhani et al.
(), the energy intensity for conveyance and lift were calculated as:
where ξ, energy requirement per unit conveyance (1.86 
RESULTS AND DISCUSSION
The results show that from 1998 to 2010, the annual average water used in crop irrigation was 4. Urban water reclamation can be used for landscape and crop irrigation without the need for membrane filtration or reverse osmosis treatment, both of which are required to address public health concerns (i.e., pathogen abatement).
In areas where groundwater recharge was practised to replenish aquifers for potable end use (i.e., Los Angeles, Orange, and Riverside counties), reverse osmosis and membrane filtration were used. In these instances, the calculated energy intensity for water reclamation to meet the potable water standard was 0.640 kWh m À3 .
Our results show that there are savings in both groundwater supply and energy resources when applying reclaimed water for crop irrigation: the use of gravity filtration to reclaim water is the most economical method to meet regulatory compliance for landscape and irrigation end uses (Table 1) respectively. Therefore, to account for the full energy requirements from point of treatment to point of use, the energy intensities for horizontal and vertical conveyance must be added to the calculated data presented in Table 1 .
The authors recognize that there may exist infrastructural and administrative limitations among water agencies and agricultural users within a region as to the extent in which reclaimed water can be produced, conveyed, applied, and accepted. Also, locations without proper infrastructure or with cultural incompatibility with reclaimed water may be unable to consider water reclamation as an option for their water supply portfolio. However, it is important to frame the transition to reclaimed water within the context of energy savings and monetary benefits. At the present moment, California would be unable to substitute all its groundwater use for reclaimed water, due to limits in existing infrastructure for both production and conveyance.
Furthermore, the majority of the population within this duced in California, 2% higher than the energy used in transportation, communication, and utilities combined, and 6% higher than the annual electricity required for all street lighting in California (CEC ).
In 2012, the California agricultural industry reported an export value of 18.18 × 10 9 USD, a record 42.7% cash receipt for all crops produced in the state (CDFA ). As the country's sole exporter of many agricultural commodities, supplying >99% of almonds, artichokes, dates, figs, raisins, kiwi, olives, peaches, pistachios, plums, pomegranates, rice, and walnuts, California's agricultural export is expected to continue to rise (CDFA ). One area of knowledge gaps is the quantification of the water embedded in agricultural exports. Further research in this area is needed to determine how the agricultural exports from one region affect the overall water portfolio for that region and the region receiving its water-bearing produce.
Climate change effects
Following a global trend, California has undergone a warming trend in recent decades with more rain than snow in total precipitation volume (CDWR ). Increasing temperatures are melting the snowpack earlier in the year and pushing the snowline to higher elevations, resulting in less snowpack storage. The current trend is projected to become more frequent and persistent for the region. As a result, the surface water supply is projected to erode with time, while rainfall will experience increased variability, possibly leading to more frequent and extensive flooding (Fissekis ).
Rising sea levels will also increase the susceptibility to coastal and estuarine flooding and salt water intrusion into coastal groundwater aquifers (Hanak & Moreno ). In California that sea level is estimated to rise between 150 and 610 mm by 2050 (CDWR ). As the reliability of surface water is reduced due to the effects of climate change, if water reclamation is not implemented with higher market penetration, the demand on groundwater pumping is expected to increase, resulting in higher energy usage for crop irrigation. Should water reclamation penetrate the water supply portfolio at high levels (e.g., the higher bounds of our calculations), additional storage capacity might be necessary. However, the current extended drought periods are making available existing capacity in storage basins (Famiglietti ) that may offset or outnumber the additional demand. 
SUMMARY AND CONCLUSIONS
The study found that currently the use of reclaimed water application in California for the agricultural industry is very low, an average 1% for the period 1998-2010. For every per cent increase in reclaimed water use in agriculture, the resulting energy saving is 187 GWh y
À1
, which at the current energy cost equates to more than 25 × 10 6 USD. Aside from the energy saving and economic benefit, the application of reuse. In our study we focused on using conventional sand filtration and chlorine disinfection as tertiary treatments to meet Title 22 standards, hence potable reuse is outside this investigation scope. The energy calculations provided in this study will vary if newer technologies are applied, and thus will require broadening of the analysis boundaries. Nonetheless, the results of this study will help further our current understanding on the role of reclaimed water in curbing groundwater withdrawal in an arid and semi-arid region like that of Southern California, by providing the context of its existing usage, estimated energy consumption, carbon footprint reduction, and potential monetary savings that can be realized. The trends observed in this study may be applicable to other regions of the world where water scarcity, energy costs, and climatic conditions require the use of reclaimed water as a sustainable water source.
